Additional Information:
INTRODUCTION
Pregnant women are likely to be vehicle drivers or passengers during some or all stages of their pregnancy. The most recent statistical data show that every year, approximately 750,000 full-term pregnancies are recorded in the UK alone. Increasing number of women is driving everyday and consequently increasing number of pregnant women is being exposed to automobile accidents. Motor vehicle crashes are the leading cause of accidental fetal mortality and placental abruption has been shown to account for 50 % to 70% of all fetal losses following motor vehicle crashes (Pearlman et al,1990) . The safety of non-pregnant people improved over the years due to research, crash tests, design decisions and implementations. Research in advanced modelling of pregnant women is hoped to help making significant changes in the design of cars to improve safety for all, including pregnant women.
Physical models commonly represent humans in crash tests to simulate real life accidents (FMVSS, 2006) . 50 th percentile male Anthropomorphic Test Device (ATD) is the most widely used representation. 5 th percentile female model is also increasingly used in crash tests. Acar and Weekes (2005) highlights the importance of the physiological changes in the female body during pregnancy. In particular, during the third trimester of pregnancy, with the changes in the chest, abdomen and thigh areas pregnant women form a new population which would be excluded from typical designs for men and non-pregnant women (Acar and Weekes, 2006) .
Earlier proximity studies (with non-pregnant subjects) include Segui-Gomez et al (1999) that observed a considerable misconception of the drivers' 'proximity to the steering wheel perception ' and Manary et al (1998) that predicted driver head and thorax to the steering wheel. Both considered 254mm (10 inches) distance between the sternum and the steering wheel centre as safe.
The fetal mortality in road traffic accidents are perceived as hidden epidemics (Weiss, 2006) . A study of the pregnant drivers' proximity to steering-wheel rim over the course of their pregnancies was conducted by Klinich et al (1999) . Moorcroft et al (2003) generated a computer model of a 30 week pregnant occupant model (without fetus) to assess the risk of injury in frontal crashes. Driver position is observed to be the highest risk position and the peak uterine strain increases significantly from passenger to driver position due to presence of steering wheel unit (Moorcroft et al, 2004) . Acar and Weekes (2004) collected the pregnant women anthropometric data and developed an information resource system in "Automotive Design: Incorporating the Needs of Pregnant Women" project based at Loughborough University. Acar and Weekes (2005) found that 9% of pregnant women were seated with their abdomen nearly touching or in contact with the steering wheel.
Acar and Weekes' anthropometric data sets are used to develop the 3D computational model 'Expecting' by Acar and van Lopik (2009) at Loughborough University. The pregnant woman model is generated in a generic vehicle interior consisting of a seat, vehicle floor, pedals and steering wheel. 'Expecting' is used in various impact severity crash simulations, the strains at the placental area of the uterus were calculated along with the abdominal deformations. It is concluded that having an airbag and the correctly worn seat belt provides the best protection for fetuses. Acar and Esat (2010) found that this also provides the best protection for pregnant women themselves. Motozawa et al (2007) investigated the forward displacement of the pregnant abdomen which results in the likelihood of contact with the interior parts of the automobile by using an ATD and their measurements also confirm that the peak abdominal pressure is at the point where the ATD comes in contact with the steering wheel. In this study, interior design of cars, in particular, the implications of the steering wheel unit orientation on pregnant women are investigated. 'Expecting' model is used as the driver of a subcompact mini-car. Various impact severity crash scenarios are simulated to investigate the strain values at the utero-placental interface for nine combinations of the steering column angle and steering wheel angle for frontal impacts.
METHODOLOGY
'Expecting', a computational model of pregnant woman, is developed at Loughborough University by Acar and Van Lopik, 2009 (Figure 1 ). Expecting is created by incorporating a finite element uterus with a placenta, and with a multi-body model of a 38 week old fetus in uterus into the 5 th percentile female model of MADYMO version 6.2. The model is also altered to have sitting anthropometry of 38 th week of pregnant woman. The validation process excludes the living or cadaver pregnant subjects due to ethical issues. 'Expecting' is validated against rigid-bar impact and belt loading tests suggested by Hardy et al. (2001) . The ability of 'Expecting' to predict fetal outcome results is further demonstrated by comparing the simulation results with directly comparable real life accident results as explained in detail in Acar and van Lopik, 2009 . 'Expecting' is used in various crash simulations to investigate pregnant woman's dynamic response for frontal impacts with and without the restraints of three point seat belt and an airbag in a generic car interior in Acar and Esat, 2010 . The 3-point seat belt with a width and thickness of 50 mm and 1 mm respectively and the standard MADYMO driver airbag model positioned at the centre of the steering wheel are used in 'Expecting'. Half-sine wave acceleration pulse of 120 ms duration is used in crash simulations where no seatbelt pre-tensioners are fired and the airbag is set to trigger after 15 ms of the acceleration pulse. Seat pan angle is taken as 10° to the horizontal. Seat back angle is 14.8° with respect to the vertical axis in the seat model. In this study the horizontal distance between the car speed control plane (accelerator, brake, clutch pedals) and the front-end of the seat is taken as 485mm for Expecting's proper driving position. The interior surfaces of the bolsters are represented as rigid body ellipsoids connected to this plane.
In this study, in order to investigate the effects of specific car features on pregnant driver, 'subcompact mini car' (SC) group, a popular choice with women in the child-bearing age, is chosen as the vehicle. The parameters of interior features of the cars are classified in three subgroups: control units (CU), interior plane (IP) and occupant space (OS). Subcompact mini car values (SCCU, SCIP and SCOS values) are used to generate the car model in MADYMO.
Pregnant drivers are generally advised to adjust their seats therefore they can sit far away from the steering wheel. However this is not always practical since the pregnant driver needs to reach the control pedals. The distance between pregnant driver and the steering wheel can be altered without changing the driver's posture by changing the steering column angle and the steering wheel angle as they are adjustable in some cars.
The angle of the steering column and the angle of the steering wheel are usually not adjustable in SC cars. In order to investigate the role of the changes in steering column angle and the steering wheel angle on safety of the fetus, 'Expecting' simulations are conducted as follows: Nine combinations of steering column and steering wheel are considered. The steering column angle, α, is measured initially as 27 with respect to the horizontal axis. Three values for α, are taken as 22, 27 and 32. Further conditions where the steering wheel itself is rotated around the steering column in the sagittal plane are also considered. Three values for this rotation, β, are taken as 15 (for the top of the steering wheel pulled towards the driver) 0 (where the steering column is perpendicular to the steering wheel plane), and -15 (for the top of the steering wheel pushed away from the driver). Figure 2 (a,b,c) shows the three α values (22, 27 and 32) when β=0, and Figure 3 Placental abruption is known to account for more than half of fetus deaths in motor vehicle related injuries. In this study, strain levels in uterus at uteroplacental interface (UPI) are collected to investigate the possibility of placental abruption. The threshold strain value for the occurrence of placental abruption is widely accepted to be 0.60 at the UPI (Rupp et al, 1990 ). Strains at the UPI are calculated for each combination of the α and β for the three crash severity cases represented by 15, 30 and 45 kph crashes. 
RESULTS
The results of this study, the strain values at the Utero-Placental Interaction (UPI) for twenty seven simulations in MADYMO are listed in Table 1 . horizontal distance between the low rim of the steering wheel and the body ** d 2 : the distance between the center of the steering wheel and the sternum # airbag would deploy towards the head against advise by the authorities.
When the results of the crash simulations at 15, 30 and 45 kph are observed where the steering column and steering wheel are at any position; it is evident that the strain at the UPI increases with crash severity and is over the threshold at 45 kph for most of the combinations. Default position of the steering wheel unit (α = 27, β = 0) gives UPI strains of 12% for 15kph, 25% for 30 kph and 77% for 45 kph crashes. This suggests that a 45 kph crash would carry a high risk for the placental abruption and hence fetus death as it is over the threshold value 60%.
In order to investigate whether the adjustment of the steering wheel angle makes any difference, the result for the default position is compared with the results where the steering column angle is kept as α=27, and the steering wheel angle is adjusted to β=15 and -15. Pulling the top rim of the steering wheel towards the pregnant driver (β = 15) seems to cause very little difference on the UPI strains at these speeds and does not have any effect on the hazard status. However, when the top rim is pushed, even though the hazard status is unchanged, it seems to cause increase on the strains and the model becomes unstable for 45 kph at this combination, representing severe damage.
When the steering column angle is changed +/-5 degrees from its default position and the steering wheel angle with respect to the steering column is kept as perpendicular to the steering column, i.e. α=22 and 32, β=0; some changes in the hazard status of the UPI strains can be observed.
Lowering the steering column (α = 22), can cause huge increments on the strains up to the threshold level even for 30 kph. However increasing the steering column angle with the horizontal axis lowers the strain level below the threshold at severe crashes and keeps the strains at about very similar level for 15 and 30 kph. Full discussion about this case can be found in the 'Discussions' section.
When all the steering wheel angle adjustments are considered for all the steering column angles, overall analysis of 27 cases show that low UPI strain levels are observed during the crashes at 15 kph and 30 kph with both 27 and 32 degrees of steering column angle. With the 22 degrees of steering column, UPI strains are generally higher than corresponding strains for other steering column angles. However the strains are still on the 'safer-side' at 15 kph when β is 15 or 0 and around the threshold when β= -15 whereas at 30 kph it suggest placental abruption both at β = 0 and -15.
A severe crash is presented at 45 kph. Steering column angles of 22 and 27 degrees give well above the threshold strain values for each β value whereas 32 degree gives lower strains, still being above the threshold value when the top rim of the steering wheel is pulled towards the driver. However low UPI must not be misleading and these cases will be discussed further in the next section. Table 1 also shows the horizontal distance between (usually the abdomen of) 'Expecting' and the low rim of the steering wheel and the distance between the centre of the steering wheel and the sternum of 'Expecting' for each combination of α and β. The importance of positioning will also be discussed in the next section.
DISCUSSIONS
As a general safety rule, all occupants need to wear their seatbelts and wear them correctly. Pregnant occupants are not exempt. The correct seat belt position for pregnant women, described by the Department for Transport (DFT) in the UK (2003), and American College of Obstetrics and Gyneacology (ACOG) (1999) and National Highway Traffic Safety Administration (NHTSA) in the US (2002) is 'the lap strap should go across the hips, fitting comfortably under the 'bump', while the diagonal strap should be placed between the breasts and around the bump'. Research by Acar and Van Lopik (2009) has shown that the fetus is at increased risk during a collision if the seat belt is not worn, or only the lap belt or shoulder belt is used.
NHTSA (2009) also recommends all drivers to sit as far from the airbag as possible and to move the driver's seat rearward to allow at least 10 inches (254 mm) between the centre of the steering wheel and the driver's sternum.
When women get pregnant they do not alter their fore-aft position due to the need to reach the control pedals. Given that the sitting position remains the same, the distance between the driver and the steering wheel decreases during pregnancy due to protrusion around the abdominal region.
At the moment the only possible way of increasing the distance between pregnant driver and the steering wheel unit without changing the driver's position is changing the steering unit position. In this study, the computational pregnant occupant model, 'Expecting', is positioned as the driver of a subcompact mini-car. Crash scenarios are simulated to investigate the strains at the placental location (hence the safety of the fetus) for 9 combinations of the steering column angle and steering wheel angle in frontal impact scenarios.
The results, confirm that that the crash severity is the most important factor in the strains at the placental location. For severe crashes at 45 kph the strains at UPI is over the threshold in all combinations except two combinations where α = 32 and β = 0 or -15. However these combinations cannot be advised since they are extreme cases which would result in the airbag deploying towards the head rather than the chest even though the steering wheel would miss the 'bump'.
For the moderate crashes, the angle of the steering column and the steering wheel can have a combined effect on the strain values at UPI. The close abdominal proximity to the steering wheel, through the steering wheel and steering column tilt, results in the borderline/higher than the threshold UPI strains. The combination where α = 22 and β = -15 can be given as an example to this where the resultant distance to the abdomen is as little as 38 mm and the strain levels are 58% and 78% for crash speeds of 15 kph and 30 kph respectively. The distance of the steering wheel to the sternum (d 2 ) at that combination is 270 mm, that is above the advised 10 inches (254 mm) and yet clearly not a safe distance for pregnant driver. d 2 also reaches the greatest values at α = 32 however it cannot be advised due to direction of the airbag as discussed above. Therefore this research suggests that d 2 , in general, should not be used as a safety metric for pregnant drivers.
CONCLUSIONS
In this paper, a typical subcompact mini car model, a popular type of car with young women is generated where the back of the seat pan height is fixed at 257 mm. 'Expecting' represents a 38 week pregnant woman whose stature represents 5 th percentile women.
In our simulations the distance between the sternum of 'Expecting' to the (centre of) the steering wheel varies between 251 to 321 mm. As seen above larger distance between the sternum of pregnant woman and the steering wheel centre does not necessarily confirm safety and should not be used as a metric for safety. However, it appears that the steering wheel's lower rim proximity and the angle are important factors in safety.
This study investigates the consequences of changing proximity through the combined change in the steering column angle α and steering wheel angle β on safety for pregnant driver. It would not be wise to advise a specific α or β value since the resulting strains at the placental location also depend on the seat height, make and model of the cars and the abdominal height which would depend on the individual pregnancy.
The conclusions of what this study suggests for the safety of fetus can be summarised as follows:
• Pregnant women should drive slowly. The strains at UPI increase with crash severity and present high risks of fetus mortality;
• Pregnant women should be made aware of the possible adjustments of interior features of the cars, such as the height and fore-aft positioning of the seat, and steering wheel unit adjustments so that the horizontal distance between the abdomen and the steering wheel can be maximised;
• The distance of the steering wheel to the sternum should not be used as a safety metric for pregnant drivers.
The conclusions also support the earlier recommendations of Acar and Weekes (2005) 
that
• Pregnant women should be educated to wear their seatbelts correctly;
• The motor manufacturers should be encouraged to consider design features such as o adjustable or extendable pedals, o adjustable steering wheel unit as 'standard' in cars that are popular with the women of child-bearing age.
• The motor manufacturers should also be encouraged to consider futuristic design features and alternative driving methods, such as drive-by-wire.
This research suggests that sitting very close to the steering wheel is clearly not a good idea. Acar and Weekes (2006) found that 9% of pregnant women were seated with their abdomen nearly touching or in contact with the steering wheel. In such cases pregnant women can be recommended not to drive.
